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Background 

The cardiac pacemaker in its simplest form is an electrical circuit in which a 
battery provides electricity that travels through a conducting wire through the 

15 myocardium, stimulating the heart to beat ("capturing" the heart), and back to the 
battery, thus completing the circuit. Implantable cardiac pacemakers have been in 
existence since the later 1950*s, although external pacemakers were known even earlier. 
Since that time great strides have been made in improving upon the leads and the pulse 
generators that together comprise the pacemaker. In particular, the pulse generator 

20 circuitry has evolved from discrete components to semi-custom integrated circuits, 
which are now fabricated firom complimentary metal oxide semi-conductor (CMOS) 
technology. 

As cardiac pacemakers have evolved they have been designed to provide 
increases in the heart rate for periods when the patient is experiencing physiological 
25 stress. These "rate-modulating" pacemakers help the patient adapt to physiological 
stress with an increase in heart rate, even if the patient's intrinsic heart rate would not 
allow this to occur. The development of dual-chamber pacemakers has allowed the 
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The present invention relates to pulse generators and in particular to implantable 
pulse generators that control pacing functions based on sensed events. 
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patient to increase their heart rate if he or she is in sinus rhythm. 

The rate-modulated pacemaker has three major components. The first is an 
indicator, such as for activity, body temperature, or respiratory rate, that provides an 
approximate measurement of metaboUc needs. The second is a sensor that can measure 
the indicator chosen, such as measurement of body temperature or respiratory rate. The 
5 third is a rate controlled algorithm that is in the software of the pacemaker and 
modulates the pacemaker rate as the sensors send signals to the pacemaker. 

As the sensors indicate greater metabolic need, the pacing rate is increased. The 
rate at which the pacing rate changes, however, is bounded and controlled by a feature 
called rate smoothing. Rate smoothing is a gradual slowing or speeding of the 
10 pacemaker rate based on a percentage of a preceding cardiac interval. This is a 
r\ mechanism programmed into such types of pacemakers to reduce or to smooth abrupt 

p changes in paced rate, especially at the upper rate limit of dual chamber pacemakers. 

'''^1 Conversely, if a patient were to develop an ectopic atrial tachycardia, this programmed 

CO 

Q feature would cause a gradual increase in rate rather than an abrupt increase in rate. 

15 Rate smoothing may, however, unnecessarily limit a heart rate change imder 

^""^ some circumstances. For example, when an individual needs rapid cardiac output in a 

rii 

short time, such as in a stressfiil situation, rate smoothing may prevent the heart rate 

fij 

fl. fi'om rising rapidly enough to keep up with the individual's cardiac demands. Similarly, 

once the stressful situation has passed, the individual's pacing rate will decrease under 
20 the constraints imposed by the rate smoothing algorithm. Furthermore, the present 
inventors have also recognized that rate smoothing may interfere with arrhythmia 
prevention and treatment by limiting a change in heart rate that is needed to prevent or 
treat the arrhythmia. Thus, there exists an unmet need in the art for more flexible rate 
smoothing. 

25 
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Summary 

The present invention provides a system and method for controlUng a rate 
smoothing system in a pulse generating system. In one embodiment, the rate smoothing 
system is either activated or deactivated (tumed on or turned off) when a triggering 
event is detected. In an ahemative embodiment, when a parameter adjusting events is 
5 detected parameters of the rate smoothing system are adjusted (e.g., changed). Under 
either situation (turning on/off or adjustment of parameters) the changes to the rate 
smoothing system/function are temporary. In one embodiment, the duration of the 
changes is over a first time interval, after which the rate smoothing system is either set 
to the original pre-event state or to a state in which one or more of the original 
10 parameter values/settings have been changed from the original pre-event state. By 
Q allowing selected events to temporarily activate/deactivate or change parameter settings 

p for a rate smoothing system, greater flexibility in treating a patient's cardiac conditions 

J'l is achieved as compared to allowing the rate smoothing function to continuously 

Q operate. The present subject matter can be used with rate smoothing systems appUed to 

n 

1 5 either ventricular pacing or atrial pacing. 

s 

In one embodiment, the present system provides monitoring for a trigger signal a 

rii 

U parameter adjusting event or both. In one embodiment, the system uses a signal input 

as H 

PI system, where the signal input system is adapted to detect a signal. Control circuitry 

fear 

coupled to the signal input system receives the signal from the signal input system. In 
20 one embodiment, a trigger event detector in the control circuitry receives the signal and 
analyzes the signal for the occurrence of the trigger event. The trigger event detector is 
further coupled to a rate smoothing module. In one embodiment, the rate smoothing 
module executes and controls the rate smoothing algorithm. When the triggering event 
is detected, the rate smoothing module is then either activated to provide rate smoothing 
25 or deactivated to stop rate smoothing, depending upon the state of the module prior to 

the triggering event. Once the rate smoothing system is activated or deactivated, a timer 
is used to time a first interval. After the first interval expires, the rate smoothing system 
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is then reset, or restored, to its state prior to the trigger signal. Ahematively, after the 
first interval expires, the rate smoothing system changes one or more of the original 
parameter values/settings (i.e., pre-trigger signal parameter state or pre-parameter 
adjusting event parameter state) to provide a new parameter state. The new parameter 
state is then used in the rate smoothing system until a subsequent trigger signal and/or 
5 parameters adjusting event is detected. A new parameter state can be created after each 
trigger signal and/or parameters adjusting event (e.g., a sequence of changes to the 
parameter values and/or settings for the rate smoothing system). 

In an alternative embodiment, a parameter adjustment event detector coupled to 
the control circuitry receives the signal fi"om the signal input system. In one 

10 embodiment, the parameter adjustment event detector receives a signal and analyzes the 
signal for the occurrence of a parameter adjustment event in the signal. When the 
parameter adjustment event is detected, the rate smoothing module activates and/or 
adjusts rate smoothing parameters. In one embodiment, the parameters adjusted are a 
percent limiting a change in pacing rate (for either up or down rate smoothing). 

1 5 Any number of detected events are used as either triggering events or parameter 

adjustment events. In one example, a triggering event or a parameter adjustment event 
is detected in a patient activity signal, such as can be sensed by using an activity 
monitor, such as an accelerometer or a minute ventilation system. In this example, an 
activity signal is monitored from an activity sensor. The triggering event or parameter 

20 adjustment event is then detected when the patient's activity level exceeds a first 
predetermined value. In an additional example, the activity signal is a heart rate 
acceleration, where the triggering event or parameter adjustment event is deemed 
detected when a change in heart rate exceeds the first predetermined value. 

In an additional embodiment, a triggering event or a parameter adjustment event 

25 is found in a monitored cardiac signal. In one example, monitoring for the triggering 
event or parameter adjustment event includes monitoring a cardiac signal, where the 
cardiac signal includes indications of ventricular contractions. The cardiac signal is 
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analyzed for the occurrence of premature ventricular contractions (PVC). When one or 
more PVC occur, the triggering event or parameter adjustment event is deemed to have 
been detected. Altematively, the a pattern of cycle lengths in the cardiac signal is used 
as a triggering event or a parameter adjustment event. For example, a detected short- 
long-short cycle length sequence from a cardiac signal may be used as a triggering event 
5 or parameter adjustment event. Alternatively, the triggering event or parameter 

adjustment event occurs when a cardiac rate exceeds a rate threshold. In an additional 
embodiment, the triggering event or parameter adjustment event occurs after an 
arrhythmic episode. 

In an alternative embodiment, triggering events or parameter adjustment events 

10 occur at selected times within a time interval. In one example, monitoring for the 
triggering event or parameter adjustment events includes monitoring a time interval, 
such as the time of the day, week, month, year, or an event, such as a season of the year. 
The triggering event or parameter adjustment event is then detected at a first time in the 
time interval, as either programmed by the physician or set based on the implantable 

15 syistem's analysis of one or more detected signals. Alternatively, the triggering event or 
parameter adjustment event occurs when a pacemaker mode is changed. In one 
example, an implantable system provides and/or adjusts a rate smoothing system based 
on whether a state of a monitored signal matches a predetermined state. In one 
example, the monitored signal is a cardiac signal sensed with electrodes in or about the 

20 heart. The cardiac signal matches the predetermined state if a heart rate exceeds a 

predetermined threshold or, alternatively, falls within a predetermined range of heart 
rates. In another example, the cardiac rhythm is compared to a predetermined cardiac 
rhythm state. In yet another example, a patient activity signal (e.g., sensed by an 
accelerometer or a respiration sensor to represent a patient's metabolic need for a 

25 particular range of heart rates) is compared to a predetermined threshold activity level 
(or range of activity levels). The present inventors have recognized, among other 
things, that a patient activity level is a useful representation of a physiological state, 



Atty Docket #279.353US1 



5 



such as for activating or adjusting rate smoothing. 

In one example, a predetermined rate smoothing algorithm is mapped to at least 
one corresponding predetermined state. The rate smoothing algorithm is selected and 
applied while the corresponding predetermined state is present. In another example, one 
or more parameters of a rate smoothing algorithm are mapped to at least one 
5 corresponding predetermined state. These rate smoothing parameter(s) are selected and 
applied while the corresponding predetermined state is present. In one example, such 
rate smoothing parameters include an up-smoothing percentage to limit a speed of 
pacing rate increase and a down-smoothing percentage to limit a speed of pacing rate 
drop. In an aUemative example, a rate smoothing algorithm is selected or adjusted 
10 based on a physiologic parameter monitored using a sensor. Other aspects of the 

invention will become apparent upon reading the following detailed description of the 
invention and viewing the accompanying drawings that form a part thereof 

Brief Description of the Drawings 

15 Figure 1 shows one embodiment of a method according to the present invention; 

Figure 2 shows one embodiment of a method according to the present invention; 
Figure 3 shows one embodiment of a method according to the present invention; 
Figure 4 is a timing diagram illustrating generally one example of a waveform 
illustrating a triggering and/or parameter adjusting event according to the present 
20 subject matter; 

Figure 5 is a block diagram of one embodiment of an implantable medical 
device according to the present subject matter; 

Figure 6 is a block diagram of one embodiment of an implantable medical 
device according to the present subject matter; 
25 Figure 7 is a block diagram showing an example of an implantable system 

providing or adjusting rate smoothing based on whether a predetermined state is present. 
Figure 8 is a block diagram showing another example of an implantable system 
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providing or adjusting rate smoothing based on whether a predetermined state is present. 

Figure 9 is a block diagram showing yet another example of an implantable 
system providing or adjusting rate smoothing based on whether a predetennined state is 
present. 

Figure 10 is a flow chart showing an example of a method of adjusting rate 
5 smoothing based on whether a predetermined state is present. 

Figure 1 1 is a flow chart showing an example of another method of adjusting 
rate smoothing based on whether a predetermined state is present. 

Figure 12 is a flow chart showing an example of yet another method of adjusting 
rate smoothing based on whether a predetermined state is present. 
10 Figure 13 illustrates an example of a method of selecting a rate smoothing 

algorithm based on a predetermined state. 

Figure 14 illustrates an example of a method of selecting parameters of a rate 
smoothing algorithm based on a predetermined state. 

Figure 15 is a block diagram showing one example of an implantable system 
1 5 providing or adjusting rate smoothing based on a physiologic parameter monitored 
using a sensor. 

Detailed Description 

In the following detailed description, references are made to the accompanying 
20 drawings that illustrate specific embodiments in which the invention may be practiced. 
Electrical, mechanical, programmatic and structural changes may be made to the 
embodiments without departing fi-om the spirit and scope of the present invention. The 
following detailed description is, therefore, not to be taken in a limiting sense and the 
scope of the present invention is defined by the appended claims and their equivalents. 
25 Rate smoothing provides a measure of control over the rate of change of the 

ventricular pacing rate. Specifically, the rate of change of the ventricular pacing rate is 
controlled on a cycle-to-cycle basis so as to maintain the rate of change within a 
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programmed percentage of the previous cycle's rate. This function is achieved via the 
comparison of the ventricular pacing rate for each cycle to a "rate window" or 
percentage of the period for the previous cardiac cycle so as to ensure that the period of 
the pacing pulses is constrained from cycle to cycle by the limits defined by the rate 
window. 

5 Controlling when and under what cardiac conditions to turn on/off or adjust the 

parameters for a rate smoothing program is highly advantageous. This control allows 
the rate smoothing to be deactivated when use of rate smoothing would be detrimental, 
or constraining, to a patient's need for rapid heart rate acceleration or deceleration. 
Furthermore, by selectively tuming rate smoothing off or adjusting rate smoothing 

10 parameters, the number of pacing pulses delivered to a patient is reduced. 

Figure 1 shows one embodiment of a method according to the present invention. 
At 100 a signal is sensed and analyzed for a triggering event. In one embodiment, the 
triggering event is any number of events sensed in either an activity signal coming from 
activity sensors (e.g., accelerometers, minute ventilation system, cardiac rate sensors) or 

15 a cardiac signal sensed from the patient's heart. In one embodiment, cardiac signals 
include either cardiac signals sensed from a ventricular location, or cardiac signals 
sensed from an atrial location. 

At 120, the signal is then analyzed to detect the triggering event. When a 
triggering event is not detected, the signal continues to be analyzed. When a triggering 

20 event is detected, the rate smoothing system is activated at 140. Rate smoothing is then 
applied to control the changes in pacing rate as previously described. The rate 
smoothing is then deactivated at 160 at a time after activating the rate smoothing. In 
one embodiment, the time after activating the rate smoothing is a first time interval, 
where the first time interval is a progranraiable value. In an additional embodiment, the 

25 duration of the first time interval can also be changed based on information contained 
within either the activity or cardiac signals. Alternatively, the rate smoothing is 
deactivated based on information in the sensed activity signals or the cardiac signals. 
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where the rate smoothing is deactivated when the one or more triggering events in the 
signals are no longer detected. Once the rate smoothing is deactivated, the system then 
returns to 100 to continue to monitor the signal for a triggering event. 

Figure 2 shows an additional embodiment of a method according to the present 
invention. At 200 a signal is sensed and analyzed for a parameter adjusting event. Li 
5 one embodiment, the parameter adjusting event is any number of events sensed in the 
signal. For example, the signal can be an activity signal coming from activity sensors 
(e.g., accelerometers, minute ventilation system, cardiac rate sensors) or a cardiac signal 
sensed from the patient's heart. In one embodiment, cardiac signals include either 
cardiac signals sensed from a ventricular location, or cardiac signals sensed from an 
10 atrial location. 

h= At 220, the signal is then analyzed to detect the parameter adjusting event. 

Q When a parameter adjusting event is not detected, the signal continues to be analyzed. 

J'J When a parameter adjusting event is detected, parameters for the rate smoothing system 

Gi are adjusted at 240. In one embodiment, adjusting the rate smoothing parameters 

p-| 1 5 includes making changes to parameter values for either up-smoothing or down- 
f smoothing rate interval changes. For example, changes to the rate interval changes for 

f y down-smoothing can be made to set the rate interval in the range of six (6) to twelve 

fy (12) percent. Changes to the rate interval for up-smoothing can also be made to change 

the up-smoothing rate interval from, for example, 25 percent. Rate smoothing is then 
20 applied to control the changes in pacing rate as previously described. The parameters of 
the rate smoothing system are then set to a post-adjusting state at 260. In one 
embodiment, the post-adjusting state for the parameters and settings of the rate 
smoothing system includes restoring (i.e., resetting) the parameters and settings to their 
pre-parameter adjusting event state at a time after adjusting the parameters. 
25 Altematively, adjusting the parameters of the rate smoothing system includes changing 
one or more of the original parameter values and/or settings (i.e., pre-trigger signal 
parameter state or pre-parameter adjusting event parameter state) to new parameters 
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values and/or settings in a new parameter state. The new parameter state is then used in 
the rate smoothing system until a subsequent trigger signal and/or parameters adjusting 
event is detected. New parameter states can be created after each trigger signal and/or 
parameters adjusting event (e.g., a sequence of changes to the parameter values and/or 
settings for the rate smoothing system). This sequence of changes to the parameter 
5 values and/or settings also includes a change back to the original setting of the 

parameter values and/or settings of the rate smoothing system. In one embodiment, the 
changes to the parameter values and/or settings are based on information from sensed 
cardiac signals. 

In one embodiment, the time after adjusting the parameters is a first time 

10 interval, where the first time interval is a programmable value. In an additional 
embodiment, the duration of the first time interval can also be changed based on 
information contained within either the activity or cardiac signals. Alternatively, the 
parameters of the rate smoothing are set to the post-adjusting state based on information 
in the sensed activity signals or the cardiac signals, where the rate smoothing parameters 

15 are set to the post-adjusting state when the one or more parameter adjusting events in 
the signals are no longer detected. Once the rate smoothing parameters are set to the 
post-adjusting state, the system then returns to 200 to continue to monitor the signal for 
a parameter adjusting event. 

Figure 3 shows an addition embodiment of a method according to the present 

20 invention where a rate smoothing system can be controlled by both triggering events and 
parameter adjustment events. At 300 a signal is sensed and analyzed for a triggering 
event and/or parameter adjustment events, as previously described. At 320, the signal is 
then analyzed to detect either the triggering event or the parameter adjustment event. 
When a triggering event or a parameter adjustment event is not detected, the signal 

25 continues to be analyzed. When a triggering event or a parameter adjustment event is 
detected, however, the rate smoothing system is either activated (when a triggering 
event is detected) or parameters for the rate smoothing system are adjusted (when a 
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parameter adjustment event is detected) at 340. With the present embodiment, it is 
possible that the rate smoothing is deactivated at 300, but is subsequently activated once 
a triggering event is detected. Once activated, sensed parameter adjustment events can 
cause the rate smoothing parameters to be adjusted. 

At 360, either the rate smoothing is deactivated at a time after activating the rate 
5 smoothing, or the parameters of the rate smoothing system are set to the post-adjusting 
state at a time after adjusting the parameters, as previously described, where the time for 
either deactivating or setting the parameters and/or states of the rate smoothing system 
at the post-adjusting state are as previously described. Once the rate smoothing has 
either been deactivated or set to the post-adjusting state, the system then retums to 300 
10 to continue to monitor the signal for the triggering event and/or the parameter adjusting 
^si: event. 




15 



As previously discussed, there exists a variety of triggering and parameter 
adjusting events. In one embodiment, triggering events or parameter adjustment events 
are detected in one or more activity signals sensed by using activity monitors. Examples 
of activity monitors include accelerometers, minute ventilation systems or cardiac rate 
analyzer. In one embodiment, an activity signal is monitored from at least one of the 
activity monitors. The activity signal is analyzed to determine whether the activity 
signal has exceeded a first predetermined value. The triggering event and/or a 
parameter adjusting event are then detected when* the activity signal exceeds the first 
predetermined value. 




20 



Examples of activity signals include a heart rate trajectory (heart rate vs. time) 
where the event is determined from the slope of the trajectory. Alternatively, the 
parameter adjusting event and/or the triggering event is detected when the cardiac rate 
exceeds a rate threshold. In an additional embodiment, the activity signal is an 
accelerometer signal from an accelerometer. In this embodiment, the amplitude 
(indication of motion) of the activity signal is analyzed to determine when the first 
predetermined value has been exceeded. In an alternative embodiment, the activity 
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signal is a minute ventilation signal, where both the amplitude (depth of breath) and the 
frequency (breathing rate) of the signal are analyzed to determine if either has a value 
that exceeds the first predetermined value. In one embodiment, the first predetermined 
value is based on the type of activity sensor being utilized and the portion of the signal 
that is being analyzed. Programmed values for the first predetermined value will also 
5 depend upon the patient's cardiac condition and the type of implantable system that is 
used to treat the patient. Thus, values for the different applications of the first 
predetermined value need to be set on a patient-by-patient basis. 

In an additional embodiment, triggering events or parameter adjustment events 
are found in monitored cardiac signals. For example, monitoring for the triggering 

10 event or parameter adjustment events includes monitoring a cardiac signal which 

includes indications of ventricular contractions or atrial contractions. When ventricular 
contractions are detected, the cardiac signal is analyzed for the occurrence of premature 
ventricular contractions (PVC). In one embodiment, PVCs are identified based on a 
comparison of contraction intervals, where PVCs have a shorter interval relative to 

15 preceding intervals. In addition, PVCs are also identified based on an analysis of the 

morphology of the complex wave form (e.g., the QRS-complex wave form), in addition 
to a contraction interval analysis. When one or more PVC occur, the triggering event or 
parameter adjustment event is detected. 

Altematively, the cycle length pattem of cardiac cycles detected in the cardiac 

20 signal are used as triggering events or parameter adjustment events. For example, a 
detected short-long-short cycle length sequence from a cardiac signal is a triggering 
event or parameter adjustment event. Figure 4 shows one embodiment of a cardiac 
signal with cardiac intervals having a short-long-short cycle length sequence. In one 
embodiment, the cardiac signal is a ventricular signal 400 having indications of 

25 ventricular contractions 410. The ventricular contractions 410 define cardiac intervals, 
where a first cardiac interval is shown at 414. A second cardiac interval 420 is shown 
occurring after the first cardiac interval 414. The second cardiac interval 420 is. 
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however, shorter than the first cardiac interval 414. In one embodiment, the second 
cardiac interval 420 is shorter due to a PVC 424. If a rate smoothing function were 
operating as this ventricular signal is sensed, the change in the pacing rate would be 
based off of either the first cardiac interval 414 or the second cardiac interval 420. 
After the second cardiac interval 420, there is a long interval 428. In one 
5 embodiment, the long interval 428 is not interrupted by a ventricular pacing pulse as the 
myocardium are not in the proper state to be captured by the pulse. Ventricular pace 
430, however, captures the ventricles, where the ventricular pace 430 is followed by 
another PVC 434 which results in a second short interval 440. Once this pattern of 
short-long-short cardiac intervals is presented the triggering event or the parameter 

10 adjustment event is detected. The rate smoothing function is then either tumed on, or 
the parameters of the operating rate smoothing system are adjusted. 

In an aUemative embodiment, triggering events or parameter adjustment events 
occur at selected times within a time interval. For example, monitoring for the 
triggering event or parameter adjustment events includes monitoring a time interval, 

15 such as the time of the day, week, month, year, or an event, such as a season of the year. 
The triggering event or parameter adjustment event is then detected at a first time in the 
time interval, where the first time is either programmed by the physician or set based on 
the implantable systems analysis of one or more detected signals. For example, when it 
is known by the physician or determined by the implantable pulse generator that a 

20 patient does not experience tachyarrhythmia during a certain time of the day (e.g., in the 
hours between 12 midnight and 4 a.m.) the triggering event (to turn the rate smoothing 
off) or the parameter adjustment event can be programmed as occurring at 12 midnight, 
with the duration of the first time interval lasting for approximately 4 hours. 

In an additional embodiment, the triggering event or parameter adjustment event 

25 is when a pacemaker mode is changed. For example, when the pacemaker is switched 
fi-om one mode of operation (e.g., DDD) to a second mode of operation (DVI) a 
triggering event or parameter adjustment event is detected. Alternatively, the triggering 
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event or parameter adjustment event is when one or more pacing parameters are 
changed. 

Other triggering events or parameter adjustment events include analyzing one or 
more cardiac signals to detect the occurrence of an arrhythmic episode. In one 
embodiment, the arrhythmic episodes can include ventricular tachycardias or ventricular 
5 bradycardias. Once the arrhythmic episode is treated, an end to the arrhythmic episode 
is identified. Once the end of the arrhythmic event is identified, the triggering event or 
parameter adjusting event is declared. The stability of the intervals can also be used as 
either a triggering event or a parameter adjusting event. In one embodiment, a stability 
analysis measures the consistency, or variability, of intervals for the sensed contractions. 

10 For example, as a cardiac signal is sensed, the consistency of the sensed cardiac 

intervals are analyzed. When the variability in the cycle length intervals exceeds a set 
value a stability problem is declared. Once declared, the triggering event or the 
parameter adjusting event is identified. The user can also request that a triggering event 
or a parameter adjusting event be considered. In this embodiment, the system receives a 

15 request for either a triggering event (e.g., to turn on rate smoothing) or a parameter 
adjustment event (e.g., make changes to the parameters). The system analyzes the 
cardiac condition and either issues or denies the request to issue the parameter adjusting 
event or the triggering event based on the analysis of the cardiac condition. 

Figure 5 shows one embodiment of a system 500 according to the present 

20 subject matter. The system includes a signal input system 510, where the signal input 
system 5 10 is adapted to monitor a signal. In one embodiment, the signal is any of the 
signals previously discussed. In the embodiment shown in Figure 5, the signal input 
system 510 is a cardiac signal sensing system 512, which includes cardiac electrodes 
513 implanted in or on the heart 514 to allow for cardiac signals to be sensed. In one 

25 embodiment, the cardiac electrodes 513 are coupled to an implantable pulse generator 
housing 5 15, and the control circuitry 520 therein, to allow for either unipolar or bipolar 
cardiac signals to be sensed from the supraventricular region and/or the ventricular 
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region of the heart 514. Pacing pulses can also be delivered to either the 
supraventricular and/or ventricular region of the heart through the cardiac electrodes 
513 under the control of the cardiac signal sensing system 512 and the control circuitry 
520. 

The system 500 includes control circuitry 520, where the control circuitry 520 is 
5 coupled to the signal input system 510. The control circuitry 520 receives the signal 
from the signal input system 510, where the signal is processed by the control circuitry 
520. The control circuitry 520 includes a trigger event detector 530, where the trigger 
event detector 530 analyzes the signal to detect a trigger event. The control circuitry 
520 further includes a parameter adjustment event detector 540, where the parameter 
10 adjustment event detector 540 analyzes the signal to detect a parameter adjustment 

hi 

Q event. The control circuitry 520 further includes a rate smoothing module 550, where 

pi 

^ the rate smoothing module 550 executes the rate smoothing protocols and makes 

^jj changes to the rate smoothing parameters once parameter adjustment events are 

ill identified. In one embodiment, the components of the control circuitry 520 are imder 

£!l 

g 15 the control of a microcontroller 554. The control circuitry 520 also has communication 
circuitry which allows the implantable system 500 to communicate with an external 
programmer 556. 

r\ In one embodiment, the cardiac signal sensing system 512 senses and analyzes a 

ventricular cardiac signal The ventricular cardiac signal is then analyzed by the trigger 

20 event detector 530 and the parameter adjustment event detector 540 to detect any 
occurrence of a series of consecutive ventricular intervals having a short-long-short 
sequence as previously discussed. In addition, the trigger event detector 530 and the 
parameter adjustment event detector 540 also analyze the ventricular cardiac signal to 
detect premature ventricular contractions in the ventricular cardiac signal as previously 

25 discussed. 

Figure 6 shows an additional embodiment of a system 600 according to the 
present subject matter. The system 600 includes components similar to those in system 
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500, but system 600 further includes at least one additional input 610 into the signal 
input system. In one embodiment, the additional input 610 is a minute ventilation 
sensor. Signals from the minute ventilation sensor are delivered to both the trigger 
event detector 530 and the parameter adjustment detector 540. The trigger event 
detector 530 and the parameter adjustment detector 540 then analyze the signals from 
5 the minute ventilation sensor to determine when the signal exceeds a first value, as 
previously discussed. 

In an alternative embodiment, the additional input 610 is an accelerometer 
sensor. Signals from the accelerometer sensor are delivered to both the trigger event 
detector 530 and the parameter adjustment detector 540. The trigger event detector 530 
10 and the parameter adjustment detector 540 then analyze the signals from the 

accelerometer sensor to determine when the signal exceeds a first value, as previously 
discussed. 

Figure 6 also shows the control circuitry 520 further including an arrhythmia 
detection circuit 620. In one embodiment, the arrhythmia detection circuit 620 is 

15 coupled to the signal input system 510 and receives and analyzes ventricular cardiac 

signal to detect an arrhythmic episode, including an end to the arrhythmic episode. The 
trigger event detector 530 and the parameter adjustment detector 540 then declare events 
at the end of the arrhythmic episode. 

Figure 7 is a block diagram that shows an example of portions of an implantable 

20 system 700 providing and/or adjusting rate smoothing based on whether a 

predetermined state is present. System 700 includes a signal input circuit 710 adapted 
to monitor at least one signal. In the example of Figure 7, the signal is a cardiac signal 
representing heart contractions, from which a heart rate may be measured. Signal input 
710 includes at least one cardiac sense amphfier 712. One or more cardiac electrodes 

25 713, coupled to amphfier 712 and associated with a heart 714, allow for unipolar or 

bipolar cardiac signals to be sensed from a supraventricular region and/or a ventricular 
region of heart 714. The supraventricular region may include an atrial region. 
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System 700 further includes an energy output circuit 770, coupled to electrodes 
713, to deliver electrical energy pulses to the supraventricular or ventricular regions of 
heart 714. This delivery of energy pulses to "capture" the heart by triggering resulting 
heart contractions is referred to as pacing. In one example, cardiac electrodes 713 are 
coupled to implantable pulse generator housing 715, energy delivery circuit 772, and/or 
5 amplifier 712 to allow for unipolar or bipolar pacing of the supraventricular region 
and/or a ventricular region of heart 714 using electrodes 713. Housing 715 may also 
function as a reference electrode for unipolar sensing and/or pacing. 

System 700 further includes a controller circuit 720, coupled to signal input 710 
and energy output 770. Controller 720 receives and analyzes the cardiac signal from 

10 amplifier 712. Controller 720 includes an output control module 740, a rate smoothing 
module 750, and a predetermined state detector 730. Output control module 740 
receives inputs from signal input 710 and rate smoothing module 750, determines a 
pacing rate, and controls energy output 770 to deliver energy pulses to heart 714 at the 
pacing rate. The pacing rate may be calculated, on a beat-by-beat basis, using a 

15 predetermined pacing algorithm. The pacing algorithm defines the timing of the 
delivery of energy pulses to heart 714 based on the sensed cardiac signal and 
predetermined parameters such as maximum and minimum pacing rates. 

Rate smoothing module 750 may be implemented in hardware, software, and/or 
firmware to execute at least one rate smoothing algorithm. The rate smoothing 

20 algorithm limits a pacing rate based on a preceding heart rate. Output control module 
740 includes a rate smoothing system 742 coupled to rate smoothing module 750. In 
one example, rate smoothing module 750 provides rate smoothing system 742 with rate 
smoothing parameters including an up-smoothing percentage to limit a speed of pacing 
rate increase and a down-smoothing percentage to limit a speed of pacing rate drop. 

25 The up-smoothing percentage and the down-smoothing percentage may have different 
or identical values. It may be desirable to use an up-smoothing percentage that is 
different from a down-smoothing percentage during a particular range of heart rates. 
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For example, when the heart rate is very high, it may be desirable to prevent further 
increase of heart rate by using a zero up-smoothing percentage while allowing a quick 
drop of heart rate by using a relatively large down-smoothing percentage. In one 
example, rate smoothing system 742 multiplies a present heart rate by the up-smoothing 
percentage. The result is added to the present heart rate to obtain an up-smoothing limit. 
5 Rate smoothing system 742 also multiplies the present heart rate by the down- 
smoothing percentage. The result is subtracted from the present heart rate to obtain a 
down-smoothing limit. The up-smoothing and down-smoothing limits, updated on a 
beat-by-beat basis in one example, form a window within which the pacing rate may 
vary for the next heart beat. If the pacing rate calculated by output control module 740 
10 exceeds the up-smoothing limit or drops below the down-smoothing limit, the pacing 
rate is instead set to the corresponding one of the up-smoothing limit or the down- 
smoothing limit. 

State detector 730 determines whether a state of the sensed signal matches one 
or more predetermined states. In the example of Figure 7, state detector 730 includes a 

15 rate detector 732 to detect a patient's supraventricular or ventricular heart rate and to 
determine whether the heart rate exceeds a predetermined threshold representative of a 
predetermined state, or altematively, whether the heart rate is below the predetermined 
threshold representative of a different predetermined state, or still altematively, whether 
the heart rate is within a predetermined range representative of a still different 

20 predetermined state. In one example, rate detector 732 includes a comparator having a 
heart rate input and a predetermined threshold input, and a comparator output 
representative of whether the heart rate represents the predetermined state. The 
predetermined threshold input is coupled to a storage medium including one or more 
threshold value(s) representative of the predetermined state(s). Examples of the 

25 predetermined states include: (1) a high rate; (2) a low rate; and (3) a intermediate rate. 
Altematively, the predetermined state(s) may include one or more predetermined 
range(s). 
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In addition to executing a rate smoothing algorithm, rate smoothing module 750 
may select and/or adjust a rate smoothing algorithm. In one operative example, rate 
smoothing module 750 selects a particular rate smoothing algorithm from the storage 
medium upon detecting a change in the signal state. In another operative example, rate 
smoothing module 750 adjusts at least one parameter of a rate smoothing algorithm 
5 upon detecting a change in the signal state. Examples of parameters of a rate smoothing 
system include up-smoothing and down-smoothing percentages, as previously 
described. 

In one example, controller circuit 720 also includes communication circuitry that 
allows implantable system 700 to communicate with an external programmer 756, 

10 which provides a user-interface for implantable system 700. In one example, a 

physician uses programer 756 to evaluate the cardiac condition of a patient, program 
implantable, system 700 such as to deliver at least one type of therapy, extract a cardiac 
condition history and/or therapy history stored in implantable system 700, or obtain 
information about the operative status of implantable system 700. 

15 Figure 8 is a block diagram that shows another example of an implantable 

system 700 providing or adjusting rate smoothing based on whether a predetermined 
state is present. In this example, state detector 730 includes a cardiac rhythm detector 
834 to analyze a cardiac signal representing a patient's heart contractions in a temporal 
pattern referred to as a cardiac rhythm, and to determine whether the cardiac rhythm 

20 matches one or more predetermined cardiac rhythms, such as a normal sinus rhythm, an 
atrial tachycardia, an atrial fibrillation, a ventricular tachycardia, a ventricular 
fibrillation, or a bradycardia. One example of a suitable rhythm determination system is 
discussed in Hsu et al. U.S. Patent No. 6,266,554 ("the Hsu et al. patent"), entitled 
"System and Method for Classifying Cardiac Complexes," which is assigned to Cardiac 

25 Pacemakers, Inc., and incorporated by reference herein in its entirety. 

In the example of Figure 8, it may be desirable to apply different rate smoothing 
algorithms or alternatively, to apply different parameters for a rate smoothing algorithm. 
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for different cardiac rhythm states. In one example, a particular rate smoothing 
algorithm, or particular parameters of a rate smoothing algorithm, may be used to 
prevent an arrhythmia or to facilitate recovery from an arrhythmia. For example, during 
an atrial fibrillation cardiac rhythm state, it may be desirable to prevent further increase 
of atrial heart rate by using a zero up-smoothing percentage while allowing a quick drop 
5 of heart rate by using a very large down-smoothing percentage. 

Figure 9 is a block diagram that shows yet another example of an implantable 
system 700 providing or adjusting rate smoothing based on whether a predetermined 
state is present. In this example, signal input 710 further includes a sensor processing 
circuit 916. A sensor 911, coupled to processing circuit 916, allows for monitoring a 

10 patient's physical activity which represents the patient's metabolic need for a particular 
approximate heart rate. Examples of sensor 911 include a respiration sensor and/or 
accelerometer or any other suitable sensor for indicating the patient's metabolic need. 
The choice of a particular sensor is typically based on its efficacy in indicating a 
patient's metabolic need. Processing circuit 916 processes a signal output by sensor 91 1 

15 so that the activity level is readable by state detector 730 and output control module 740. 
In one example, processing circuit 916 translates an activity signal, at a frequency of the 
patient's activity, to a more slowly varying signal representing an activity level In this 
example, output control module 740 is coupled to both cardiac sense amplifier 712 and 
processing circuit 916. Output control module 740 calculates the pacing rate based on 

20 the activity level and the sensed cardiac signal. 

In the example of Figure 9, state detector 730 includes an activity level detector 
936. Activity level detector 936 determines whether the activity level output from 
processing circuit 916 exceeds a predetermined activity level, or altematively, whether it 
is below a predetermined activity level, or still altematively, whether it falls within a 

25 predetermined range of activity levels. In one example, activity level detector 936 

includes a comparator having an activity level input and a predetermined activity level 
input, and a comparator output representative of whether the activity level matches the 
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predetermined state. 

It may be desirable to apply different rate smoothing algorithms or alternatively, 
to apply different parameters for a rate smoothing algorithm, based on a patient's 
metabolic need for a particular range of heart rates. In one example, the algorithm or 
parameter selection is used to allow heart rate to increase quickly to meet the metabolic 
5 need resulting from exercise. In one example, a first rate smoothing algorithm having a 
single rate-smoothing percentage parameter is selected when the activity level is below 
a predetermined activity level (e.g., during a rest). The single rate-smoothing 
percentage parameter typically has a moderate value and is used for calculating both up- 
smoothing and down-smoothing limits. When the activity level exceeds the 
10 predetermined activity level (e.g., during an exercise), a second rate smoothing 
M algorithm is selected. The second rate smoothing algorithm includes at least a up- 

Q smoothing percentage and a different down-smoothing percentage, allowing a quick 

increase of heart rate by using a relatively large up-smoothing percentage, while 
CO inhibiting a quick drop of heart rate by using a zero or a relatively small down- 

III 15 smoothing percentage. In an alternative example, one rate-smoothing algorithm 

including at least independent up-smoothing and down-smoothing percentage 
f II parameters is used at different activity levels. When the activity level is below a 

ry predetermined activity level, the up-smoothing and down-smoothing percentages are set 

12 to the same value. When the activity level exceeds the predetermined activity level . 

20 (e.g., during an exercise), the up-smoothing percentage is set to a relatively large value 
to allow a quick increase of heart rate, while the down-smoothing percentage is set to 
zero or a relatively small value to inhibit a quick drop of heart rate. 

Figure 10 is a flow chart that shows an example of a method of adjusting rate 
smoothing based on whether a predetermined state is present. At 1000 a cardiac signal 
25 is monitored. The cardiac signal is sensed from an electrode associated with a patient's 
heart and represents the patient's heart contractions from which a heart rate can be 
measured. In one example, the cardiac signal is sensed from at least one atrial location. 
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In another example, the cardiac signal is sensed from at least one ventricular location. 
At 1020, the cardiac signal is analyzed to determine whether it matches a predetermined 
heart rate state. This includes determining whether the heart rate exceeds a 
predetermined threshold value or, altematively, whether the heart rate falls within a 
predetermined heart rate range. At 1040, if the heart rate changes state, a particular rate 
5 smoothing algorithm, or altematively, one or more particular parameters of the rate 

smoothing algorithm, are selected or adjusted, at 1060, based on the changed heart rate 
state. At 1080, the selected rate smoothing algorithm, or the one or more parameters of 
the rate smoothing algorithm, are applied to the rate smoothing system. 

Figure 1 1 is a flow chart that shows an example of another method of adjusting 

10 rate smoothing based on whether a predetermined state is present. In this example, in 
which the cardiac signal at 1000 represents a patient's heart contractions in a temporal 
pattern referred to as a cardiac rhythm 1 120, includes determining whether the cardiac 
signal manifests one of several possible predetermined cardiac rhythms. Such 
predetermined cardiac rhythms include a normal sinus rhythm, an atrial tachycardia, an 

15 atrial fibrillation, a ventricular tachycardia, a ventricular fibrillation, and a bradycardia. 
One example of a suitable rhythm determination method is discussed in the Hsu et al. 
patent, which was above incorporated by reference in its entirety. If the cardiac rhythm 
state changes at 1 140, a rate smoothing algorithm, or altematively, one or more 
parameters of the rate smoothing algorithm, are selected at 1 160 based on the changed 

20 cardiac rhythm state. 

Figure 12 is a flow chart that shows an example of yet another method of 
adjusting rate smoothing based on whether a predetermined state is present. At 1200 an 
activity signal is monitored and translated to an activity level. The activity signal is 
sensed from an accelerometer or a respiration sensor and represents a patient's 

25 metabolic need for a particular heart rate range. The activity signal, representing a 
frequency of a patient's activity, is dynamically translated to a more slowly varying 
signal representative of the activity level. At 1220, the activity level is analyzed to 
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determine whether it matches a predetermined activity level state. This includes 
determining whether an activity level exceeds a predetermined threshold activity level 
or, alternatively, falls within a predetermined range of activity levels. If the activity 
level state changes at 1240, a rate smoothing algorithm, or alternatively, one or more 
parameters of the rate smoothing algorithm, is selected at 1260 based on the changed 
5 activity level state. 

Figure 13 illustrates an example of a method for selecting a rate smoothing 
algorithm based on a predetermined state. The selection includes mapping a 
predetermined rate smoothing algorithm to a predetermined state using a look-up table. 
The look-up table includes predetermined states 1300 and predetermined rate smoothing 
10 algorithms 1320, labeled by numbers and letters, respectively, in the example of Figure 
13. Predetermined states may include one or more of heart rate states, cardiac rhythm 
P states, and activity level states, as previously discussed. For example, while 

predetermined state #1 is present, rate algorithm A will be selected and applied to the 

m rate smoothing system. 

r\ 

P| 1 5 Figure 14 illustrates an example of a method of selecting parameters of a rate 

= smoothing algorithm based on a predetermined state. In this example, the parameters of 

fU the rate smoothing algorithm include an up-smoothing percentage 1450 and a down- 

r|| smoothing percentage 1460. The parameter selection includes mapping rate smoothing 

J"' percentages 1450 and 1460 to predetermined state 1300 using a look-up table. For 

20 example, while predetermined state #3 is present, 15% and 10% will be selected for the 
up-smoothing percentage and the down-smoothing percentage, respectively, and apphed 
to the rate smoothing system. 

In general, the techniques discussed in this document permit rate smoothing to 
be activated and/or deactivated, or one or more rate smoothing parameters to be 
25 adjusted based on any sensed physiological parameter other than intrinsic electrical 
cardiac depolarizations, as illustrated generally by Figure 15. Figure 1 5 is a block 
diagram of one example of an implantable system 700 providing (e.g., activating and/or 
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deactivating) or adjusting rate smoothing based on a sensed physiologic. In this 
example, signal input 710 includes a sensor 1511 coupled to rate smoothing module 750 
by a sensor processing circuit 1516 that provides any needed signal preprocessing. 
Sensor 1511 monitors a physiologic parameter other than intrinsic electrical cardiac 
depolarizations. The monitored physiological parameter may relate to heart condition or 
5 function. Examples of sensor 1511 include a metabolic need sensor, such as a 

respiration sensor or accelerometer, that provide, among other things, an indication of a 
metabolic need for a particular heart rate. Other examples of sensor 1511 include a 
heart function sensor, such as an intracavitary or other pressure sensor or a cardiac 
contractility sensor. In one example, rate smoothing module 750 provides rate 
10 smoothing system 742 with rate smoothing activated and/or deactivated based on the 
Q physiologic parameter sensed by sensor 1511. In another example, rate smoothing 

n 

p module 750 calculates one or more rate smoothing parameters based on the physiologic 

""""^ parameter sensed using sensor 1511. Examples of such rate smoothing parameters 

P include an up-smoothing percentage to limit a speed of pacing rate increase and a down- 

V'l 

15 smoothing percentage to limit a speed of pacing rate drop. In the example of Figure 15, 
the smoothed pacing rate is calculated based on the physiological parameter, the sensed 
fisi cardiac signal, and a preceding cardiac interval. 

p Thus, in Figure 15, system 700 is capable of providing, among other things, 

cardiac pacing and/or cardiac resynchronization therapy at a physiological sensor- 
20 indicated rate and, furthermore, the physiological sensor-indicated rate is smoothed by a 
rate smoothing function that uses a physiologic parameter to activate and/or deactivate 
the rate smoothing and/or to adjust a rate smoothing parameter (e.g., up-smoothing 
and/or down-smoothing). One example, in which activating, deactivating, and/or 
adjusting rate smoothing using a physiologic parameter may be desirable is in a heart 
25 that has undergone a myocardial infarction. In some post-infarct patients, it may be 

important to regulate left ventricular heart wall stress to prevent congestive heart failure 
(CHF) that may resuh from remodeling of neurological heart signal conduction paths 
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after the myocardial infarction. One technique of regulating heart wall stress is to 
elevate ventricular heart rate (by increasing a ventricular pacing rate) to reduce stroke 
volume and pulse pressure and, in turn, to reduce heart wall stress. In this application, 
the rate of change of heart wall stress may also be an important consideration. For 
example, it may be desirable to gradually increase or decrease the load placed on the left 
5 ventricle during rate-adaptive pacing (analogous to a skeletal muscle injury in which a 
skeletal muscle is gradually worked back to normal ftinction). For this application, 
system 700 of Figure 15 could provide rate smoothing that provides a variable degree of 
control over pacing rate increases and decreases, based on pressure and/or contractility 
measurements. Similarly, the activation, deactivation, and/or parameter adjustment of 

10 rate smoothing discussed in this document could be based on any other physiologic 
sensor, and is not limited to the particular physiologic sensors delineated herein. 

Although specific embodiments have been illustrated and described herein, it 
will be appreciated by those of ordinary skill in the art that any arrangement which is 
calculated to achieve the same purpose may be substituted for the specific embodiment 

15 shown. This application is intended to cover any adaptations or variations of the present 
invention. Therefore, it is intended that this invention be limited only by the claims and 
the equivalents thereof 
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